Abstract
Introduction
In recent years, the average annual growth rate of China's highways has been nearly 20 %, which has covered all provinces, autonomous regions and municipalities of China (Integrated planning division in Ministry of Transport of China, 2017) . The total operation length reaches 131,000 kilometers, ranking the first in the world (Integrated planning division in Ministry of Transport of China, 2017)), which plays an extreme important role in China's transportation system. However, according to rmjtxw.com (Tian, 2017) , the number of people killed in road traffic accidents in China 2016 was about 40,824, an increase of 4,646 from 2015, and the number of traffic fatalities is also the highest in the world (State Statistics Bureau of China, 2017) . The overall level of China's highway traffic safety has obvious gap with the developed country. Many security problems are worth greatly concerning, such as the massive highway deaths, high traffic growth, and the accidents keep increasing year by year.
There are many factors affecting traffic safety, such as vehicle structure and performance, traffic environment, road conditions, driver situation, natural conditions and so on. However, the improper speed is the key in traffic accidents (Jomaa et al., 2016) . The most familiar parameter of a distribution is the average (or mean). However, it is not the only parameter in application and research. In road design, the practice over the last two decades has been for engineers to use what is known as 85th percentile speed (v 85 ) of traffic. The 85th percentile is the speed at or below which 85 percent of drivers drive, and is thus a measure of the higher speed end of the distribution on a particular road. The amount by which the 85th percentile exceeds the mean speed will depend on the spread of the speed distribution. The most common measure used to characterize the spread or variability of speeds found on any road is the standard deviation of the speed distribution. The coefficient of variation is then the ratio of the standard deviation to the mean (Taylor et al., 2000) . In April 2017, the all-level highway management departments of Shandong province had investigated a total of 519,000 illegal acts, of which 2.75 million belonged to over speed limit, accounting for 52.987 percent (Chen, 2016) . Transport Research 3. Both the vehicle speed and the dispersion of vehicle speed are related to accident rate. The EURO model, developed by A. Buruya in the British TRL, showed that the ratio of speed to average speed affected accident rate directly.
At the average speed of 60 km/h, a 1 km/h reduction in the speed gradient should reduce traffic accident rate by 2.56 percent (Baruya et al., 1999) . According to Chinese scholars, the average speed plus speed standard deviation is approximately equal to v 85 , while v 85 is in the speed range of the lowest the accident rate. If the vehicle is traveling at a speed of 2 times the average speed, the accident rate will be significantly increased (Department of Transport China, 2004) . Existing literature research indicates that there is obvious nonlinear correlation between the accident rate and vehicle speed characteristics (Lidbe et al., 2017) . Owing to the speed of the large vehicle far below that of the car on the freeway, the vehicle speed and its dispersion have distinct uniqueness. With the addition of the freeway traffic environment, the performance of vehicles, vehicle, the driver's driving habits, as well as the method of accident statistics in China are quite different from other countries, it is necessary to study the traffic safety of freeways in China.
According to the geographical differences, China can be divided into 8 regions, including east China, south China, central China, north China, northwest China, southwest China, northeast China and the region of Taiwan, Hong Kong, and Macao. In this paper, 10 typical and representative freeways were selected which distribute in 7 regions in mainland China. Taking the 10 freeways data as the sample, the influence of the average vehicle speed and the speed standard deviation on the traffic safety were researched. The research main feature is that some kinds of regression models are established, including the nonlinear regression of user-defined model expression, which is an important method of solving complex multivariable problem. However, in practice, single independent variable parameter expression is often used, and few researches on the multiple independent variable parameter expression have been made in published literatures.
In this paper, a numerical analysis and comparison of scatter plots are used to pre-estimate the nearest mathematical model, and by using of many times trial regression, the regression and coefficient fitting of mathematical models are finished. The method can effectively build relation model among vehicle average speed, speed standard deviation and the accident rate. It can reach high fitting precision and can provide a powerful reference for exploring the relationship between the characteristics of speed and traffic safety on freeways in China.
2 The relationship between vehicle speed characteristics and traffic safety 2.1 The influence of the vehicle speed characteristics on traffic safety
The vehicle speed represents the actual traffic running situation on a certain road. It is related to the driver's technical level, driver's expectations, climate conditions and terrain, freeway alignment, traffic flow, traffic composition, traffic management facilities and so on. The traffic accidents occurrence is the process of energy conversion. The higher the speed, the greater the energy conversion is, the more serious the traffic accident consequence is, and the greater the likelihood of casualties is. 9 in 10 accidents are due to the high speed. About 30 percent of fatalities are related to over-speeding. When the speed is more than 80.4672 km/h, a 16.0934 km/h increasing in the speed should cause a double collision force, which can dramatically increases fatal traffic accident rate (Chengdu Business Daily, 2014) . When the speed reaches 160, no matter which car is driving and the seat belt is fastened or not, the death rate of the crew member was 100 percent. According to Kloeden et al. (2001) study on rural road data in Adelaide city, Australia, it showed that lowering the average speed was more helpful to reduce the risk of accidents than reducing the speed gradient. The vehicle speed characteristics directly impact on traffic safety. Therefore, it is necessary to study the relationship between speed characteristics and traffic safety, as well as to establish the relationship model between them.
The nonlinear regression analysis method and its principle
Regression analysis is a statistical method to process interdependent relationship between two or more variables. The mathematical expression (regression function, or called "regression equation") among variables can describe quantitatively their relationships. According to regression function and the number of independent variables, the regression can be divided into linear regression and nonlinear regression, simple (univariate) regression and multivariate regression. Due to particular significance of the regression function, the regression analysis mainly studies the problem of regression function statistic inference by using of observed value of the independent variable and dependent variable, including estimate and test of hypothesis. For complex things, a phenomenon is often associated with multiple factors, so multivariate nonlinear regression usually is more effective and more practical to predict or deduce tend.
Due to the complexity of natural law, the vast majority of research objects in the real world usually are nonlinear systems. So it makes the nonlinear regression model has become more and more important in the statistics analysis. The nonlinear model is the generalization of linear model. The general form of nonlinear regression model as follows: , , , , , , ) . 
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For a given set of observations (x i , y i ), i = 1, 2, ..., n, the Eq. (1) can be rewritten as
T is the independent variable, y i is the dependent variable. g is a regression equation, and its structure is usually a quadratic or cubic polynomial form. θ = (θ 0 , θ 1 , ..., θ p )
T is the undetermined parameter vector. ε i is the random error and it satisfies the independent identically distributed assumption, that is
, the mean of ε i is 0 and its variance is σ 2 . For Eq. (2), according to the known data pairs, based on least square method, the estimated value of undetermined parameter vector θ can be solved and determined by making the residual sum of squares up to the minimum. θ 's estimation is θ. The residual sum of squares is:
The θ is called as nonlinear least squares estimation of θ, who can minimize the total residual sum of square. When the function f(θ) is assumed to be continuous and differentiable for θ, the partial derivative of function f(θ) of parameter θ j (j = 0, 1, ..., p) in the vector θ can be set and its value is set as zero. And the equations are established, and θ of the equations can be solved. The p + 1 equations f solve θ as the follows:
The solution of Eq. (5) is the values of θ 's the least square estimation θ.
In addition, the gradient descent method can be used to solve the problem as the follows:
i i
In Eq. (6),
, to iterate and solve, the solution of θ is optimal.
Using software IBM SPSS Statistics to solve the nonlinear algebraic equations, the initial values of parameters must be given in advance. If the initial value is improperly selected,
it can cause the non-convergence issue, and the nonlinear regression comes to a stop. The nonlinear regression module in software IBM SPSS Statistics can also obtain the approximate 95 percent confidence interval and approximate standard deviation of regression parameters.
Basic data
In this paper, it is purposeful to choose the 10 freeways as sample, including the Shanghai-Nanjing freeway in the east China, the Guangzhou-Foshan freeway in south China, Badaling freeway, Shijiazhuang-Taiyuan freeway and BeijingTianjin-Tanggu freeway in north China, Xihan freeway and Xi'an-Xianyang airport dedicated freeway in northwest China, Chengdu-Chongqing freeway and Suining-Chongqing freeway in southwest China, Shenyang-Dalian freeway in northeast China. The 10 freeways are distributed in 7 large regions of China. They are typical and representative.
In Table 1 , the data comes from those literatures (Pei and Cheng, 2004; He et al., 2010; Chen et al., 2009; Zou et al., 2011; Li et al., 2010; Shao, 2004; Yang et al., 2009 ). Chengdu-Chongqing freeway is the traffic artery between Chengdu and Chongqing. The freeway passes through the heart of Sichuan basin, with a total length of 337.5 km. Shijiazhuang-Taiyuan (Hebei section) is an important channel to transport the coal from Shanxi to the east China, there is more than 40 km road located in curved steep slope of mountains, the safety vision of driver is restricted at night, and it is easy to occur traffic accidents. Guangzhou-Foshan freeway east starts from suburb Hengsha of Guangzhou, where is connecting north section of Guangzhou ring expressway, and west ends in Xiebian of Foshan, where is connecting the Fokai expressway. The Shanghai-Nanjing freeway starts from the Zhenru of Shanghai, and ends in the eastern suburb Maqun of Nanjing, with a total length of 274 km. ShenyangDalian freeway is the transportation artery of northeast China. It is located in the Liaodong peninsula, and spans Shenyang, Liaoyang, Anshan, Haicheng, Yingkou and Dalian. The Beijing-Tianjin-Tanggu freeway is a way connecting the three places, with a total length of 142.69 km. According to the administrative areas, it includes 35 km in Beijing city, 6.84 km in Hebei province and 100.85 km in Tianjin city. Chongqing section of Suining-Chongqing freeway, stars from the main city Shapingba district, ends in town Shuangjiang of county Tongnan. Xihan freeway is an important part of the main skeleton road with "*" type in Shanxi province. It north starts from Laoyukou in the county Huxian, and south ends to Yuandun in the county Mianxian. The Badaling freeway, south starts from Madianqiao of Haidian district in Beijing, north ends to the Great Wall Badaling of county Yanqing in Beijing, with the total length of 69.98 km. Xi'an-Xianyang airport special highway starts from Zhuhonglu where located in the intersection of urban expressway and expressway around the Xi'an city, ends in the east approach road of Xi'an airport. The traffic accident statistics of the 10 typical freeways are shown in Table 1 .
According to the existing literature, the traffic accident rate is significantly associated with vehicle speed characteristics. In this paper, the statistical data of the 10 typical freeways will be taken as the foundation. Considering the accident rate per 100 million vehicle kilometers less affected by other factors, which has good comparability to different sections, the accident rate per 100 million vehicle kilometers was selected as evaluation index of traffic safety. The correlation and regression analysis on the accidents rate and speed were done. And the influence of the average speed and the speed standard deviation on the traffic safety was researched. 
Regression model and Curve estimation
In the real world, there are some phenomena in which the relationship types among variables can be determined based on experience and expertise. However, there are also some unknown relationship phenomena. Only the data scatterplot can indicate that some mathematical model may be close to the relationship. In this case, generally, by using of numerical analysis and scatterplot comparative method, the most closed mathematical model can be pre-estimated. Then by means of statistical analysis method, the regression and coefficient fitting of mathematical model can be done. It is complex that the relationship among speed characteristics and traffic safety of freeway in China. And the type of relationship among variables is not enough clear. In this paper, by using of the custom secondary development function provided by software IBM SPSS Statistics, through the numerical analysis and scatterplot comparative method, forecasting the user-defined fitting function, combining multiple times trial regression algorithm and least squares fitting tools, the relationship model can be determined.
According to the data in Table 1 , the scatterplot is gotten with the accident rate per 100 million vehicle kilometres versus the average travel speed, as shown in Fig.1 .
Seeing the scatter trend from Fig. 1 , the accident rate per 100 million vehicle kilometres basically shows a trend of increase with the increase of average speed. Curves were estimated by using of the relation models, such as linear model, logarithmic model, inverse model, quadratic model, cubic model, compound model, power model, S model, growth model, exponential model and logistic model. Model summary and parameter estimates are shown in Table 2 .
All specific relation models are shown as follows. The independent variable is Speed.
(8) I. e., the average speed, used as an independent variable, has no significant explanatory power on the accident rate per 100 million vehicle kilometres. The overall regressions equations are meaningless.
3. From the view of the statistical significance of F-test, the P value of each model is between 0.043 and 0.101. Except for in the linear model P = 0.043 < 0.05, the P values in other models are between 0.053 and 0.101, which all are bigger than α (α = 0.05). It illustrates that there is no statistical support (no significant difference) between the speed and the accident rate in other models. The models should be changed for regression. 4. From the point of the fitting effect, as shown in Fig. 2 , the fitting curve is far from the observed value.
In summary, only the regression result of the linear model is not too bad, and those of other models are not ideal.
The nonlinear regression of user-defined model expression

Nonlinear regression analysis on speedaccident rate
The above regression can't meet the needs of the fitting and regression effects by the built-in models of software IBM SPSS Statistics. In order to further improve the precision of fitting and regression effect, in this article, the user-defined model expression was used which reserved by the IBM SPSS Statistics, and the nonlinear regression with special function was implemented.
There is complex relationship among the speed characteristics and traffic safety of highway in China. User is difficult to define the expression of relationship. In this paper, through the some known scattered data of actual measurement, according to the shape and trend of the graph, combining the numerical analysis and experience, the user-defined model expression can be pre-estimated. Through multiple trial regression, the closest relation model can be built.
This process of curve regression can be finished in software IBM SPSS Statistics. In order to achieve a better fitting effect, it usually needs to be repeated and amended many times. In the (14) user-defined model expression of nonlinear regression, the speed was selected as the independent variables which had a big influence on traffic safety.
According to the observation and analysis in Fig. 2 , it shows that the rising tendency of dependent variable is slightly faster than the quadratic model with the increase of independent variable. Therefore, based on the quadratic model, adding logarithm of the cubic, via multiple trial regression, the user-defined model expression was constructed, and shown as follow:
Accident 
The initial value of the parameter is given as: b1 = 0.0269, b2 = 0.008, b3 = -0.761, b4 = 4.787, b5 = 0.0034, b6 = 0.0007, b7 = 2.2877. The nonlinear regression option is set as: Levenberg-Marquardt. The iteration history of nonlinear regression is shown in Table 3 . The parameter estimates and ANOVA are shown in Table 4 and Table 5 .
According to Table 3 , the iteration was stopped after the 34th model evaluation and the 12th derivative evaluation. The residual sum of squares was 8.064 at the 1st iteration. In the subsequent iteration, the residual sum of squares increases or decreases. Parameters b1 to b7 also constantly changed, the last iteration terminated when stopping criterion for iteration is satisfied. The parameter values in Table 4 and Table 5 came from the iteration number 12.0 in Table 3 , where the residual sum of squares reached the minimum 7.915. According to The calculation results are analyzed as follows: 1. The standard error of each parameter estimate is between 0 and 0.471. The standard error is small. It shows that the parameters estimations values have high confidence in the 95 percent confidence interval. The obtained confidence interval is narrower, indicating that the parameter estimation has a better sensitivity, and the fitting effect is ideal. 2. According to Table 5 , R 2 = 0.944 in the model. It shows that the regression equation can explain the 94.4 percent variation of the dependent variable. It has a good fitting degree. 3. As Fig. 3 , the observation value and regression curve were drawn by using software Matlab. It can be seen that the regression equation has a high goodness-of-fit.
According to Fig. 3 , as the speed increases, the accident rate has a growing trend. Based on Eq. (19), when vehicle speed is 100 km/h, accident rate per 100 million vehicle kilometers is 32.5592. If vehicle speed reaches 120 km/h, the accident rate will rise to 45.8129, i.e., it will increase by 40.71 percent. It is thus clear that a lower average speed has a lower accident rate. Derivatives are calculated numerically.
a. Major iteration number is displayed to the left of the decimal, and minor iteration number is to the right of the decimal. 
Nonlinear regression analysis on speed standard deviation-accident rate
In the same way, to analyse the nonlinear regression on speed standard deviation-accident rate, the user-defined model expression as follows: 
The parameters initial values are given as follows: b1 = 0.1069, b2 = 0.05, b3 = -0.05, b4 = 4.5, b5 = 0.0654, b6 = 0.005, b7 = 7.3. Constraints are defined as follows: 0 ≤ b4 ≤ 4, b3 ≥ 0.2, b7 ≥ 3, and 0.1 ≤ b1 ≤ 0.2. The option of nonlinear regression is set as sequential quadratic programming. The parameter estimates are shown in Table 6 and ANOVA are shown in Table 7 .
According to Fig. 4 , it can be seen that the regression equation has a high goodness-of-fit.
According to Fig. 4 , as the speed standard deviation increases, the accident rate has a growing trend. Based on Eq. (21), when the speed standard deviation is 20 km/h, accident rate per 100 million vehicle kilometres is 32.2390. If the speed standard deviation reaches 30 km/h, the accident rate will rise to 55.1232, which increases by 42.11 percent. It can be seen that a lower speed standard deviation has a lower accident rate.
Multivariate nonlinear regression
In the same way, by using of numerical analysis and scatterplot comparative method, user-defined model expression is constructed, and multivariate nonlinear regression is carried out. By nonlinear regression model of average speed-accident rate and the speed standard deviation-accident rate, the million vehicle (20) (21) Fig. 3 The vehicle speed-accident rate regression curve of user-defined model expression kilometres accident rate increases with the increase of average speed and the speed standard deviation. Based on the principle of the 3 sigma (3 σ), the effect of the average speed plus 3 times the standard deviation on the accident rate was studied.
For the nonlinear regression of average speed and speed standard deviation-accident rate is carried out. The user-defined model expression as follows: Table 8 and ANOVA are shown in Table 9 . According to Fig. 5 , it also can be seen that the regression equation has a high goodness-of-fit.
According to Fig. 5 , as the average speed plus 3 times the standard deviation increases, the accident rate has a growing trend. Based on Eq. (23), when the speed standard deviation is respectively 20 km/h and 30 km/h, the accident rate per 100 million vehicle kilometres is respectively 30.7469 and 42.6951. At the speed standard deviation of 20 km/h, if the speed is respectively 100 km/h and 120 km/h, the accident rate is respectively 38.5029 and 47.0948, which increase by 22.32 percent as a 20 km/h speed increase. It can be obviously seen that a lower speed and a lower speed standard deviation have a lower accident rate.
Conclusion
The average speed and dispersion of speed distribution is directly related to the accident rate. The unitary nonlinear regression models of average speed-accident rate, and the speed standard deviation-accident rate, as well as multivariate linear regression model of the average speed plus 3 times the standard deviation-accident rate were built. The fitting effects of three kinds of models are all ideal. Compared to the univariate regression, the multivariate nonlinear regression model can explain better to the dependency relationship among the speed, speed standard deviation and accident rate, also more effectively predict or estimate the accident rate according to the observation data. Its practical significance is better. The difficulty of nonlinear regression lies in the establishment of the user-defined model expression and the setting of initial parameter. It needs the ability to grasp the general layout of data scatter and the shape of equation, good experience and patient debugging. Through the analysis on the quantitative relationship among the average speed, the dispersion of speed distribution, and the accident rate, it can be known that the accident rate will increase rapidly with the increase of the vehicle speed and its dispersion of distribution, i.e., that a lower speed and a lower speed standard deviation has a lower accident rate. Although considering efficiency, to improve the speed will cut travel time. However, because the higher speed could lead more and more destructive accidents, based on the viewpoint of safety, highway management department should be more effective to control the vehicle speed standard deviation, and give a limit between the high speed and low speed, decrease the difference of the average speed between large vehicle and car as possible, reduce the dispersion of the speed distribution, as well as guide reasonably the average speed and its distribution, so as to guarantee a lower accident rate.
